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GROUND REFLECTION OF JET NOISE 1

]_y WALT(IN ]J. ]][OWE,";

SUMMARY

The effect of a refleet;n:./ plane on the propagatio_

qf jet noi,_e u,a,_' :nre,,'tir.lated theoret:ealh./ aml experi-

mentally. The study i,_"directed particularly tmvard

determining the free-fiehl ,H_eclrum qf ,_ub,_o_ig-jet

.n(>i._efrom measuremcnt._ made it_the pre._'enceof a

!lrouml l)la_e.
('h, araeteri,_'tie,_' qf the deea!/ qf jet m,i,se 11_the.h'ee

fiehl are dL_eu,_,_ed, amt crude e,_timale,_" q/the free-

field ,_l)eetrum of jet .oise are made.t)'om a_,ailable

experimental data. The the.r!l qf jhrzfield i.,iue

decay h_ the pre,_enee q( specular gr.uml relteetion,_' i,_'

e.rpanded. B!/ usinr,/ the deea!/ them'!/ aml H)eetrum
e.stimate,_, deca!/ eharaeteri,_'t:e,_" .t eon,_'tant he;r.lht

abm'e a reflecting plane are computed for '_,arh)us

vahte,_" qf groumt impedance aml reeeh,er band-pas,_'

width. The ([feet._" ,n decay of ,_,pectrum shape amt

not_ideal filterin9 are ,_tudied.
I1_ additioJ_ to the dee(H/ eharacte_ L_tic._ m_ted b!l

])'raw,kelp, it i,_ sh(rum that the decay qf jet noi._'e is

practically independet_t of the H)ectrum ,_'hape, ,_'(_

that the deca!/ can, be repre,_ented b!/ the deea!/ of a
white spectrum. .Vol_ideal filteringmay hare a

.slight effect on measured deea!l eu.rre._. The e.ree._._

decay re,s.ulting from th,e Io_ger path length q[ the

reflected noi,_'e orer that qf the m_i,_'e reeeh_ed dh'eetly

from the ,w)uree ha,s. a ne:lligible effect on the decay

By eon,_'idering the eharaeter;,_tie,_ qf the theoretical

decay curce,% <1_ empirical procedure for correcting

mea,_ured .H_ectra t. (,brain eorre,_lmmlin ff free-field

spectra is de_,eloped aml tested.
Jet-noise mea,_ureme_ts along a radiu.s' "_na plane

lO feet ab(a'e a gras._y .s'urface indicated that r¢_ection

effects were experimentally significant and eouht be

e_aluated quantitati_,eh./. Spectra corrected accord-

ing to the propo,_ed procedure ,_'ati,_fied the theoretical

prediction that the free-fiehl ._peetrum ,_hape be i_tde-

pendent of the di,_'tance from the ,_.ouree when meas-
ured in the far field. Other character_._tic,_' of the

: Supersedes NACA Technie:d Note 12t_ l)y WaltOil L. IIowes, 1958.

,,'peetr¢t aml decay cur_v,s" were.[¢_und to be in agree-

me_t with them'?/, at lea._'t quat_tatieely. The on._'et

,!f the ae.ustic.far field was flru, nd to occur at a dis-

lance of 10 _ml_'elength,_ from the ,_ource at an a_inlu.th

qf 30 ° ,,r 330 ° with re._'pe_t to the jet axis'.

INTRODUCTION

The slu(ly of jet noise aml methods for sup-

pressing noise i)ro(hwed 1)y various jet-l)rOl)lflsion

devit_(,s requires that the noise fields be mlmsured.

Xh,asurements (if the nots(, in i)p(,rational situa-

tions, as from tly-bys of jet air(waft, are useful

fOl" ]lOiS('-lllliSllll('(_ S[.II(Ji0S 1)ill liFO IlOt V(q'y IIS( '-

ful for studying the relation 1)t,Iween jet th)w
an(| jet Ill)is('. ]:or Slllllii's of t]lc ]_l, t t('l" tyl)(, ,

stricter (,ontrol of (,Xl)erimental conditions is

r(,quire_[.

In ]'('laling {he noise to lh(, flow, the free-spa('(,,

or free-iield, spectrum of j(,( ]_()is(, is ultim_ttely

the (l:mntily of interest, la tests ma,(le outdoors,

ri, pt,ahillh, ]lois(, mcasur(,ln(,Itts can I)(' performed

t)y using st aiio]lary jet ]lozzh,s ill a relatively
quiest'('nl isol]wrmal almospht,rc. |[ow(,ver, the

imml,(liai(, presene(, of ground introduces a dis-

furl)trig fa('tor which pr(:v(,n(s dir('(,t d(q,ermina-

tion of lhe fre(,-spac(, uoise ti(,|(l (ref. 1). Re-

th,('tion of noise from lhe groun([ can |)e associated

wii]t appar('nt noise sources of appreciable strength.
These soure(,s are images of the j(q-noise sources.
AI an a('ousli(" r(,cl, iv(,r the reth'('ted noise is (:o-

heren(, or ('orr(,lal(,d, with (he noise r(,ceive(I

(lir(,('tly from l,h(, jet so (hal inl(,rf(,rence 1)(,tw(,en
the dir('('l and reth'i'ted noise occurs.

Th(, l)resent invest igal ion ri,sulle(I from an
atteml)t to (,xplain (,('t'taill un(,xp('(,ted anomalies

which apl)t'ar(,d in j(,l-noise data reported in
rt'f('r('llce 2. Th(,s(' anomalies ('onsisled of un-

('xp('eled peaks u,nd valh,ys iu otherwise smooth

sp(,(qra and w(,r(, presumably caused by retie(,-
tions.
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ANALYSIS

The following analysis is eoneerne(t with tile

probh, m of measuring noise when the source and
receiver are located above a reflecting plane. The

noise spectrmn is assumed to be continuous, and

the receiver band-pass width is seh'eted arbitrarily.
Relations will 1)e established between tile free-

fieht noise speetrum (refle('ting 1)lane absent) aim

the corresponding spectrum obtained with the

reflecting surface present. The spectra of primary
interest herein are:

(1) Mean-square-pressure spectrum, p2(J)

(2) Sound-pressure-h,vel speetrum,

t2Sl'L(f,:fb)= 10 log [t,'(.l,,,f_)/Po ]

where p is acoustic pressure, .f is frequency,
f_ and f_ are lower and upper eutofl frequencies,

rest)eetively , associated with an acoustic re-
ceiver, and Po is a ref(,renee pressure (2XI0 -4

dynes/em_). The horizontal bar denotes a time

average. (All syml)ols arc defined in at)pendix A.)

The cutoff frequencies J', and fb imply a sharp

cutoff of the receiver pass band in the filtering

process, an ideal, but unattainable, condition.

ttowever, in the present report ideal filtering

generally will be assumed.

FREE FIELI)

Before the effects of ground reflections are con-

sidered, the fi'ee-field conditions will be defined.

The free field eollsists of a quiescent isothermal
atmosphere, free from refle('ting surf'aees and

atmospheric attenuation. Also, in lhe subsequent

analysis, it. will be assumed that:

(1 The noise source is statistically stationary;

that. is, the statisti(.al properties of the noise are

unchanged when measured at. different times.

(2) The measurements are performed in the

acoustic far fiehl, namely, at a distance from the
source which is large compared to the acoustic

wavelength.

Because a jet is presumed to eontain a multitude

of multipole noise sourees (refs. 3 and 4), which

eolleetively comprise an extended source, it. will
also be assumed that

(3) The measurements are performed at, a

distance from the source, which is large compared
with the size of the extended source.

For the preceding conditions the decay of

acoustic pressure as a function of distance from

the noise source obeys the well-known inverse-

square law of decay; namely,

fie(f) _ 1/r" (1)

Thus, in the far field the shapes of the noise

spectra at, points along a radius with its origin
at the noise source are independent of the distance
from the source. This is in contrast to the situa-

tion in the near field, that is, at distances from

the source which are not large compared to the

acoustic wavelength. In the near field the spec-

trum shape is dependent on the distance from the

source because the decay rate is frequency-

depelMent. For example, in a subsonic jet the
predominant sources are presumed to l)e (tuad-

rupolcs (refs. 3 and 4). For a single quadrupole

soure, the root-mean-square pressure at. a distance
r fI'oIll the source can be shown to have the form

where q(f) relates essentially lo the sour('(, st rengt h.
and the _'s are essentially direetiomd functions.

Equation (2) illustrates the inverse-square decay

law f,w tile far field and the frequency depend-

(,nee ,_f tile decay rate in the near field.

FREE-FIELD SPECTRUM

The noise spectrum with l'eflectiollS is a function

of lh, free-field spectrum. Therefore, in order to

pre(li,_t the (,fleet of relh, ctions, the fl'ee-tMd

sl)e(,lrum must frst be estimated.

Th e jet-engine-noise speet ra presen! ed in figures

13(a) lo ((I) of reference 5 and replotted herein in

tigur_ 1 approximate free-fieht spectra in that the

diree acoustic path length fi'om lhc source to the

recei,'er was eonsideral)ly less than (<1/3) the
refle(.tion path via the ground, ttowever, these

spectra are near-field spectra obtained very close

to th,_ engim, exhaust.

Ae 'ording to equation (2), the far-fieht sl)e(qrum

[t?(f_]v resulting from a single qua(Irupole source

is tel (toil to the near-field spectrum [P'_(f)]N 1)y

.,( ,,A_rf:.-.
[p" .f)],'"_(_) _3" lp_(f)l.v (3)

which indicates that, eompared with the near-fieht

speelrum, the far-field si)eetrum is weighted

heavily toward higher frequencies. In reality,

the weighting wouht be damped significamly at

high frequencies l)y atinosl)heric attenuation

(ref. 6).
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FIqURE 1. -Dimensionless _-octave sound-pressure-level spectra along jet-engine-(,xhaust boun(lary (r{'f. 5).

Although the engine-noise spectra, as well as

the air-jet data, which are presented in the section
EXPERIMENT, were el)rained for nozzle pres-

sure ratios slightly greater than for choking, it is
believed that deformation of the spectrum at these

pressure ratios |)y discrete aeousti(" frequencies

caused by shocks is small or negliLfible (refs. 7

and 5).

In general, in the free field the near- and far-

fiehl spectra shapes shouhl not differ greatly,

although the noise levels and the frequency of the

spectra peaks may difl'er considerably. The
engine-noise sl)eetra possess a shat)e similar to

Ihose for subsoni(,-jet noise in a reverberant

chamber (ref. 8) and the theoretical noise intensity

from isotropic turbulence (ref. 9). Thus, the

shapes of the spe('lr_), in figure 1 will t)e regarde(I

as representative of the shapes of frec-fiehl spectra

of jet noise for constant-pereenlage band width.
The sound-l)ressure-level sl)eetra are ph)tted in

figure 1 as a ftmetion of a dimensionless fre(tuetwy
ratio m*_m/u where /_ is the frequency of the

peak of the corresponding spectral density (,urve

((mean-square pressure)/(?s). The s])e(.tra in
figure t are replotted in figure 2 in the form of a

LIf-
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h J i

0

!...
"-_. _ o e

2 3 ,b, 5 6 7 8 9 10 II i2 13

Frequency ratio, f"

FIef, ERE 2. -l)iluet_+iot+hrs+ r(,lative mean-,_(lu:+re-:_('otistic-

l)r(,sxure spectra, ttlong jei-cngi]_c-cxhaust |)oundary.
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spectral density ralio [pfff*)i/[p'fff*---1)] as a

function of the frequency ratio f* by using the

relations

P_(.f) ,,,,til,,g [-xpL(f°'.h) -]_ L 10 --log (.f_,--f<,)Po ..J

t/(.f*) =--P_(.f) p_,
/qr*= _i- )>_-/(,---_

where po is the referem'e pressure (2X10 -_ dyne-

sec/cm') aml pZ(/_) is lhe maximum spectral

density. In the spectral density form the spee-

t,rum formulations are directly applicalde in the

sttl>sequetfl, analysis.

Sinlple dinn,nsionless close<l expressions, which

resenflfle the e×perimenta] density spectra, in<'lude

the (laussian expression

%Vlllq'e

lF('f*) --_-"" (4
/FC f*= 1 )

0_+__ O"

H

and tile i>xpression

_ iF(f*) --f*e'-I" (5)
IF(f*= 1) "

The dimensionless density spectra defim,d by

equations (4) and (5) are included in figm'e 2 for

comparison with experhnental results. Equations

for Ihe corresponding _PL spe('trlt for arbitrary

band width il.l'e derived in appendix B. The

resultilig _T]>L spel'lra for !/-o('tave I)and wi(lths

are shown in figure 1 for eomparison with the
cxperinlental data. Althougll these spectra fit
the experiniental data rather poorly, they will

neverthehiss prove useful in determining the effect

of it cliange of st)eeiruni shal)e (ill decay charac-

teristics.

IIROUNI) REFLECTION (THEORETICAL ANALYSIS)

I f li reflecting plane such as ground is introduced,

the original free-fiehl noise distribution, and

therefore the recor(lelt noise spectra, will lie modi-

fie<l by iliterfereliee between direct and reflected

noise. ']'lit, decay of noise as a function (if dis-

tance has previously been analyzed the(wet(tally

in reference 1. This analysis is restricted to the

eases of a Iron(I-limited white spe<'truin or a pure-
tone ieceiver (al'l)itrttry st)ectrtllll ).

(?Oltseqllelltly, ill the following analysis decay

cllrv(,_ tire coniputed for a few sl)ectrtlni fulietiolis

in addition to the liand-liniite(I while sl)ectruni

in order to find the significance of spectrunl shape

with leSl)e(!t, lo decay (hi('tuations. The spectrilm

shalieS and consttuits have been selected to eon-

forill lo tile estimates I)resented in tlle section

Free-Field _pectruni. Tim effect of non(deal

tiltering of the received signal is studied.

Consider a jet-noise source and acoustic receiver

located above a ground plane (fig. 3). Surface

Source / Receivet

IX",, / +,o_nd
l f plane

I /
Apporer t_ "/rR- r

Source

FI[:UR1 3.--(leonietry of noise field in prc'sence of pl'inc
r(!ftector,

irregularities will be regarded as small compared
with tie acoustic wavelength so that the reflection
is spe,_ular. The initial assumptions will be the
same t:+sthose listed in the section Free Fiehl.

Firs:, the ease of an arbitrary spectrum and a
l)ure-t+)ne (fo) receiver will lie considered. The
proce(iure in reference 1 is adopted.

Let P represent the resultant pressure at the

receiw r and p represent the (lireci or reflected

coniponent pressures; let Q rel)resent the imped-

ance (f the retlecting plane. The mean-square

I)ressli "e at the receiver is given by

l>_(fo)=-p:CL)

when 1he i'eth, ctor is al)sent, an(1

/ '_(L;_)= [p(L) + ?(.foJp{L; ,)V

- p'(L) + qq.fo)pqL; _)+ 2¢(L; ;)
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when Ill(' reflector is present; ¢ is the autocovari-

ante given 1)y

¢(f,; r)-- QCL)pCfo)p(L; r)

----:+(L; r) _Q2Cj'.)p2(L ) i/2(fo;r) (7)

where :_ is the autocorrclation cocfli(ficnt. The

pressures PC.fo) an([ (?(fo)pC.f,;r) m e re(,eivcd sinml-

taneously. The pressure p(fo) arrives directly

from the sour('e, whereas p(f,;r) is cInit.ted r sec-

onds earlier than P(Jo) and arrives at, the receiver
via the longer reflected path.

The ratio of tim mean-square i)rcssurc with r('-

flcction to the free-field mean-square pressure is

R( fo r)=P2_f°;r)=t--Q"(fo) p_(.fo;r!
• pe(.f.) Y(fo)

+2Q('f+) L _ J %/Q'C.fo)p2(fo)'p'2[fo;r)

In the far field, by virtue of the inverse-square law

of decay,

p"(/,; r) /pl(foi = (r/t'R) _ (S)

whet(, rR is tiw acoustic path length via the reflector

(fig. 3). Therefore, substituting from equations

(7) and (8) into the equation fez" R(.fo;r) gives

I'(.L; r) = 1 + (r/rR)"(22(fo) -_-2(r/ra)(,)(L),_(L; r) (9)

for _L plll'e-[OllC rcc(qv('r.

By considering figure 3,

and

r )'2 x,2+ (ti_h, 2--x2+ (H+h)2 (1 O)

7=- (tl)
a

If, now, the pure-lone receiver is rel)laced by a

receiver having a finite band pass f__f,,, the

terms p2(f) an(I l)roduct terms Q2(f)p2(f; r) must I)(,

integrated s(,paratcly with rcspee! to/throughmlt

the interval f,..f,, integration of the Q.2p2 terms

becomes exceedingly difficult for all except 1he

simph,st Sl)(Wtl'a. ttowcvm', to illustrate the gen-
eral result, hq

• .f_ m

p2(Q,f,,f_;r)={ (22(.f)l,'2(.f;r)df
,j iu

Then the band-1)ass equivalcnl of equation (9)
] i(,COlrles

R(- - r "l'2(f"'f_;r)L,,J_; ) .....
1'2(.f,,f_)

#,L,fo;_i= l +P_(
f(f:,h)

i _: I :;_(la,Jb;r)
L p"( f,, .:_) J "

(m)

if the |)an(l-pass widlh is nnlimiicd,

ll(r)= l-t p2(Q;r) t-2 ,." •Y L -J (12a)

In addilion to being defined for arbitrary band

width by

_( r ¢ "r' p(f.,f_)p(A,.h;r)
. .la!.lb! ) _ l _z

_/ l?( f_,f _)p'(J'.,f_; r )
(13)

.2(.f,,,.fh;r) is Mso the Fourier lransform of lhe
Sl)CClrUm ; Ihal is, from r(,fcrencc I0,

r:1 _p-_ f)e '''_:" df (147
_ ('f""f_;')= '*" p_(,G,f-------7• f

For an assuined Sl)e(qrum p,2(f), the correlation

('ocftlcient ;_ may be comlmted from equation (14)
(ref. 11). If the functional dependence of Q is

assumed, the acoustic pressure ratio R may be

computed in certain instances from equalion (12)

t)3: utilizing cqualions (10) and (11). Decay
('uvvcs can 1)e determined as a function of the

horizontal separation z of the source and receiver

by 1)crforming the preceding computations and
then including the additional effect of invm='se-

square-law decay utilizing the relation

R (15)SI'L = 10 log

,"4olutions for the autocorrelation coefl3cient ;_ for

various spc('tra and receiver band widths are

derived in appendix C. The associated formulas
for the acoustic pressure ratio R arc as follows:

(l) Pro'c-tone receiver :

(a) Perfecl reflector, arbitrary spectrum:

R(fo;r)=l+(r/:rR)=+2(,'/'rR) cos 2Efor (16)
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(b) hnperfect reflector, arbitrary spectrum:

H(fo; r) = 1_- (r/rR)_Q2(fo) _-2(r/rR)Q(fo) cos 2_f:
(17)

(2) Gauss|an spectrum:
(a) Unlimited band width, perfect reflector:

R(r) -- 1 -_ (r/rR)_-2(r/rR)e -_2 cos _ (187

(t)) l,imiied 1)and width, perfe('t relleelor:

jr_,) r ",¢,.Ve-': d<"el:f (ub-- iT)--erf (u,-- iv)"]
- rR" L " _,_ ._] (19)

(3) .[*e L-:. Spectrunl:

(a) Unlimited band width, perfect reflector:

.R(_I=I-t- -- +2 r 1
rR rR (1 +a'_) a (207

(b) 1.ira|ted band width, perfect refleelor:

R(.f,,.fb; r)= 1 _L (r/rR)_+ 2 (r/rn)[(1 +a")2(z:-:o t,

-- zoe-:_/")] -_[(1 --a") (z :-:_1" cos yo-- z°e-:_i" cos y,

÷ y:-/ol, sin yb--y.e-:_/, sin y.) -- 2a(zoe-:o:, sin y0

-- z_e - &/" sin y, _ y:- Sbl. ('os yb + y.e- :./, cos y.)]

(21)

(4) White spectrum:

(a) Unliniited band width, perfect reflector:

R(T) : 1Jr- (F/FR) 2 (22)

(b) l.imited l)an(l wi(llh, l)erfe('! reflector:

/,(so,i,;,>=,+(,,DT+o-"f,in b_(S_-/,,)ri
"r. _. _r(fb--L)r

cos [Tr(f:l-.f_)r] } (23)

R(f_,fb;O)=4

(c) LiInited band widtli, arbiirary ground im-
pedance constant within band:

R(f.,f,;r)=i-_Q'(f.,fo) (_) '_

r fsin [r(f,--fo)r]
+2Q(fo,f 7 t- ;(f -foi COS

124)

where, for plane waves (ref. 12),

h+H
t3

Jr

3"

((1) Non|deal filler ((JllAlssian trlinsf(,r fnn(!lioli),

p(,rfeet reflector:

R(r)=l-t-(r/rR)'x+2(r/rn)e -,:" cos a' (25)

I)EC,_Y CHARACTERISTICS

In reference 1 space fluctuations of mean-square

pressure as a flmction of reeeiv(,r (tistance an(i at
fi×ed heighi above the plan(, were predi('te(I. De-

creasing the filter niean frequen(.y or band width

or the height of the source or receiver was shown

Io ini(,nsify the fhietuations. Varying the plane

inlt)l,dluiee shifted tim lo('ations of the thl(.tualion
niaximums and minimums.

Additional eharacterislic's of acoustic decay as

a function of the souree-re(,eiver separation at 8.

constant, he|gilt above the reflecting plane are

in(liealed by the preceding specific sob|lions for

the aeoustic mean-square-pl'essure ratio R. The

usual limiting eases

R(fo;r)-)2+2 cos 2_,for (pure-tone receiver)

its f_-- f_--)0 and

H- t (infinile sour('e-re('eiver separalion)

lis r- 0 (excepi possil)ly for a white unlimited

spe('lr lill) result if the refle(,tor is perfect, an(I h,

//<<x. As x-_ ¢o the free-field decay rate

(inverm-square law) is apl)roaehed. The average
value if lt' increases as z is increased. This is not

un(,xl),,(,te(| beeaus(, l_' >l near lhe source, whereas
R-_4 +ts x-+ m. Superimposed on ihe average in-

(.rease of R with increasing x is a flu(,tualion lhal.
resull., from interference of (he direct and reih,('ted

noise.

Effezt of reflected noise on average decay rate.--

The credit|on r--)0 corresponds 1o the situation

wliere x.--_ co. ]f a hiss stringent heighl-(tistan(;e

relation is imposed, lhen from second-el'tier ap-

proxinlations of equations (10) and (11)

rlrR _ 1 -- (2hll!x _')

r = 2DH/(ax)
so that

R_[2--(4DIIlx'2)]( ! _-._)
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The presence of tile term --4hlt/x 2 indi(.ates that

ttw reflecting plane causes the average decay rate

to be somewhat less than the free-fiehl decay rate
(inverse,-square law). The exact effect of this

modified decay law, which results from the excess

acoustical path length of the reflected noise, is

shown in figure 4 for a pure-tone receiver and per-

feet reflector. The effect is most apparent at the
maximums of the (teeay fluet.uations but is

negligible at all values of x.

Decay of fluctuation maximums.--Knowledge of
the (Ieeay of the fluctuation maximums will prove

useful in ('orreet, ing measured st)eetra for gromld

velh,etions. The extreme values of the ([ecay
fluctuations occur where

fo ('maximums when :n= 0,1,2, . . .
T_D . .

llnlllllllllnlS vvhen 1,_ _ 1/2, 3/2, 5/2,.

for a pro'e-tone receiver and perfect reflector. The

maximum associated with n=0 ('orresponds to the

condition r:0. Geonwtrieally, r._2hlI/(_tx), so
that the locations of the interference extremes

occur at discrete values x,, given t)y

x, _2hllfo/(rm)

Pure-t0ne receiver (eq. 16) ),

r/fR = I

Pure- tone receiver inoludin 9

#-_ excess decoy of reflected --

noise (16))(eq/ /

i//
'/

'll

i

6O

$

2

o

/
20 40 80 I00 200

Distonce, x, ft

\
\

400 600 800 I000

1,'1_;ual,, 4. --Effect of excess decay of reth,eted noise. Pure-tone receiver; perfect reflector; acceptance frequency, 500

cycles per s('cond; source and receiver heights above t)lane,, l0 feet; speed of sound, 1140 feet per second.

513543 60-- 2
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where it=0 corresponds to x-_ ¢_. The precedil_g

al)proximation for x_ is satisfactory only for small
values of i_. For small i_.the decay of the fluctua-

tion maxinmnls essentially obeys tile inverse-

square law (of., fig. 4). Therefore, [he maximums

fall roughly along a straight line if the decay curve

is plotted on a log-log scah', for instance, SPL as
a function of log x. The result is similar if the

reflecting plane has arbitrary impedance (fig. 5).
Loci of fluctuation maximums and minimums. --

It is notewort,hy that the loci of maximums and

minimums are functions of the ground impedance

(tlg. 5;). Seelningly, the determination of these

loci could serve as a practical method for deter-

mildng ground iml)e(lance at, a particular frc-

(tucncy Unfortmmtely, the loci also arc functions
of the "eceiver band width as shown in tigure 6,

which llustrales (tecay curves for the spectrum

j*e _-:*. An excessive nuInber of calculations is

therefore required in order to locate maximums

a,td minimums for the general case of arbitrary

ground impe(tancc and band wi(lth.
In addition to the band-width effect, the fre-

quency influences the possibility of locating
maxilmmls and minimums. With increasing fre-

quency the spacing between maximums and

minimtms is compressed. For high frequencies

this sp_cing m_kv casily t)e of the same order of

o_

Of)

--10

!

Acoustic
admittance

ratio,
B

0
25
.50
.75

t O0

\
\

: '\
/ \

20 40 60 80 f00 2O0 400 600 800 I000

Distance, x, ft

FIGURE 5.---Eff('ct of varying ground impedance on decay. Pure-tint receiver (eq. (17)); acc('ptancc frequency, 500

cycles per second; source and receiver h(,ights above l)I'mc, 10 feet; speed oi sound, 1140 feet per second.
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Inagnitu(h; as the spact, wise resolution of measure-
lll{'nts.

Spectrum shape.---The (|e(,ay curve o|)hdn(,d

vsing a pure-tone receiver is, of course, in(h,-

pendent of the noise sp(,etrum. However, the

('orresponding result to be expected using a
band-pass re(wiver is not obvious. Thus, the two

assumed repres(mtat,ions of the jet-noise spe(%rum

(eqs. (4) and (5)) have been applie<l to (hqermine

tlt(,effect of spectrum shape on decay for finile

amt infinite pass bands. The resulting decay

(,urves are shown in figures 7 and 8. In addition,
the simpler white Sl)(,(,trum result is also shown.

FinMl.v, including the fr(,(,-ti(,ld (hwav curve illus-

t rat(,s the over-all acoustic pressure rise resulting
from l.|w inthu,n(,e of 1.[w grmm(1.

The d(,ea.y mH'v(,s for all infinite pass })and _11"(,

shown in tigure 7. Th(, disagr(,emenl I)etwe(,n
tit(, three CIII'V('S iS ('v(q'ywhl, rP. ](,ss |hltll '-).5

d(,(ql)els. Decay curves for t]n'e(; _-o(!Iave [)an(Is

are t)res(,nted in figure 8. The spectrum-peak

frequen(_y was adopt(,d as the midfr(,queney of
one band. Bands havingnfidfrequ(meies h,ss lhau

and greater than the peak fi'equen( T conslitut(_

the other two cases. The .i.a/-octave pass-lmnd

(h,('ay curves differ everywhere by less than 1
(le(qb(q, (,xeei)t for the Gauss;an curve for the

]fighest, frequ(mcy band (midfrequ(mcy, 1250 ('Its)

Receiver band width

-- Pure toae (eq.(16))

---- I/3 Octave I------ IOctave (eq,(21))

----- Untimited (eq(20))

20 40 60 80 100 200 400 600 800 1000
Distance, x, ft

FIGVRF, 6.--Effect of ree(qver band width on decay of f*e _ f_ Sl)(,clrum. ]'erfeet r[,ll(,('t()r; st)eetral-(hmsity-peak and
mean filter frequeneie.-', 500 cycles per second; soure(, and receiv(w hei_ht.s "d)ov(' l)lane, 10 feet; speed of sound, 1140
feet per second.
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I,:ffcct of spectrum shape on decay for unlimited h'tnd ]_ass.

Itl)t,)X'( ! ])[:tilt.!, |0 fl,et; speed

1 I I 1 I I i --

Spectrum Spectral- density-

peak frequency, ---
p-,

cps
White (eq.(22)) ---

Oaussian (eq.(18)) ,500 (o-= 424cps)

f_ I- f* (eq.(20)) 500 --

Free field

I

"%<\

\
\

200 400 600

\
\

\
\

800 IO00

Perfect reflector; _mlrce and receiver heights

of sound, 1140 fcct per second.

where the difference is as great _lS 5 (leeibels.

_'rom tlt(, standpoint of jet-noise measurements

the preceding differences are gem'rally insignificant

except possibly for high fi'equencies. The spec-

trum shape generally appears to have only a

minor effect on the decay curve. Thus, the decay

curves for the white spectrum sl_ould adequately
represent the decay of jct noise.

Nonideal filtering.--From the preceding result

it migh{ be deduced that, because spectrum shape
has only a minor influence on decay, nonideal

filtering, which amounts to changing the shape of

the filter curve, should also have little effect on

the decay curw,. However, the over-all band

width of a m)nideal filtel" ]lilac" diffel" <'onsi<lerably

from that of its ideal counterpart. Because band

wi,lth is a major factor in detemfilfing the decay

curve, the preceding deduction may be invalid.

Th_ case of a white spectrum input to a non-

ideal filter having a Gaussian transfer character-
istic (eq. (25)) has been included in the list of

aeou.,tic-pressure-ratio solutions. Tl)e Gaussian

trans'er function yiehls a decay curve correspond-

ing t,> that for an unfiltered Gaussian spectrum.

However, with nonideal filtering the decay con-
stant_ are determined by the filter, whereas in the

unfillered case the constants are determined by

the _pectrum. The values of these constants

affee_ the decay curve.

The. decay of a white spectrum obtained with

ideal filtering is coml)ared in figure 9 with that

which would result from nonideal filtering. A
Gaussian transfer function was assumed in the

latter case. Thc total 1)ower transferred t)y the

two filters was assumed equal, so that

f_--.L=_,'_rp (m> p)
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spectrum
dso

Spect ru m S pectrol- density-

peak frequency,

#,

cps

Gaussian specfrum

White (eq.(25))

f*e I- f'(eq.(21) ) 500

Goussion (eq, (19)) 500(o- = 424 cps)

tso --t--

20 40 60 80 I00 200 400 600 800 I000

Distance, x, ft

(a) Lower cutoff frequency, 224 cycles per second; upt_)er cut.oil frequency, 280 cycles per second.

FIt;I:RE 8. -Effect of spectrunt shape on decay for _-octax'e receiver. ]¥rfcct reflector; source and receiver heights

ill)ave plane, 10 feel; speed of sound, 1140 feet per second.

couht be used to compute pan¢l thus 1o determine
the appropriate transfer function.

The curves in figure 9 show that t,he filter

transfer function may have a slight intluenee on

tit(, mea, sured decay curve. Nonideal filtering
tends to dampen the decay fluctuations.

The Gausshm transfer function is not lruly

representative of the transfer function for a real

filter. For a real filler the pass-band limils are
finite. Y,loreover, for a. real I/s-octave fiher the

transfer function is more nearly a Gallssiall func-
tion of log f, rather than.f. Tlterefore, the differ-

enee of the decay curves in figtlre 9 is probal)ly
extreln e.

REFLI']CTION COHHECTION

Before at, templing to develop _t correction pro-

cedure for data, obl,_ined in the pn_senee of

reflecting plane, methods of eliminating the prob-
lem should be considered.

The most ol)vious method for ameliorating the
retleet ion effects consists of maximizing" the source

and receiver heights and the analyzer band width.

Maxinlizing the source and receiver heights in-

volves approxiinaling free-fiehl conditions. Prac-

tical limitalions are li],:ely to restrict this possi-

bility. Maximizing ltl(_ analyzer ban(I width is

undesiralfle when details of the spectrum are of

interest. Possibly the most desirable solution is

to seh,el a perfect reflecting surface. Al_l)ropriate

values of R, hence tim proper <'orre<,tions, should

then be <ttmnlitalivel 3- predictatfle fi'om the lheory.

Expcrimenlal evidence is, of com'se, required lo

confirm lhis possihilily.
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(h) ],ow(,r cut_ff frcqucn('y, 447 cych!s l)/'r set'on(i; upper :utoff fr('(ltl(!ncy , 562 cycles per second.

]?IGUI_.E S. (X)nlinu*'[t. 1,31¥c! of St)(!t3lrulll S]ltt[)C OII (iCC_ty for !-()clave receiver. Perfect reflector; SOlll'C(_ _tHd

ruceivt,r huight_ .d)o\'(. l)l_ll( ,, 1(} f(,(q ; sI)uc(l of _oun(l, 1140 f(,(q per ,-,(_c(_nd.

In th(' following (,ml)iri('_d m(,tho(I for (leh, r-

mining the free-ficld noise Sl)(,('trum, the initial
comlilions _lr(, _L_sumed to l>e the same as for the

pr(,('eding theor(,ti('_d _m_dy._is. ]n addition, the

ground impedance is assumed to t)(' in(let)cn(h,llt
of fr_'(lu('n('y and angh' of in('i(h,n('e. In lhe ])ro-

t)os(,d l)rO('edui'e the first thr(,e steps (,_s(,1_li_dly

t)rovidc corre('tion for the sl)_(_(, fluctuations of

S1)L resulting from inh, rf(,r(,n('(, twlw('cn the dire('_
and reit('('ted noise. The timd steps provide an
over-all combined (,orrcctioll for the eff(,(.t of

groun [ imf)e(hm('e and lhe ratio of lhe l)eak SPL
to lh( free-ti(,ht SPL.

'['h( suggeslcd l)ro('e(lur(' for (telei'mining lhc

fr(,e-ti ,hi sl)ectrum _lsso('iat(,d wilh a l)oint_ in the

horizc, nt_d plane containing lhc center of the noise
So_lr(.( is as follows:

(l) Front measured ,ST)L st)('(qra (fig. 10(a)),
ol)hd_ e(1 at several points along a radius through

the e(nt(,r of the noise source, plot the measured

SI'L values for each frequ(,n('y band as a function

of log x (fig. 10(b)).
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Goussion (eq.(21):: 500 (G = 424cps)
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(c) I, ower cutoff' frc(tu(,,cy, 1122 cycles 1)t,r s(,c(m(l; upl)(,r (.utoff fr(_qu(mcy, 1412 cych,s p_,r se('ond.

FIGURE 8.--C(mch,(l(_d. Effect of si)(!(_l,rtlm shal_(_ o, d(,cay for _-och_vc r_c_dv_r. Perfect r(,lh_clor; source _mt

r(_,cci',,er heights -d)ove l)l,tn,_, 10 feet; sl)ecd of s_)u,l(t 1140 fl,et per sec(.l(t.

(2) ()n [_a(',h graph (',ons/ruct a li,(, tal_g(mt to

the 1)re(lomimtnt_ SPL i)caks (tig. 10(h)). ])(,hw-
mi.c a rcfi(.('tio[l (_orreclio, asso(_iatcd wit, It t]l(_

dista,(.c .to at, whi(_h th(, fr(,(,-ti(,ld st)cclrum is
dcsirc(l. This (,orr(,_'t,i(m is d(,tcrmi,cd for (,_l(_l_

frc(luen('y h_md _lll(t (_o.sisls of the SI'L i.(li('_H(,(l

by tim t a,g(,llt li,c at t,h(, ahs('iss_ v_due Xo mi.us

the SPL imlicatcd 1)y lhe m(,asut'(,(l (lecay curve

at the same abscissa wduc (fig. ]0(h)).

(3) Add t h(, _q)t)ropriate (_orr(_ctio_ 1,o the m(,_s-

ured SPL for ca(:h frc(lUen( T ha,d. Th(, resulting

('orrc(q(,(l Sl)(,('l rum (fig. l 0((')) l)OSS_'ss('s I tH, sl,q)(,
hut nol the ('orr(,('t ovcr-_dl hw(,1 of lh(, fl'i,e-fichl

S])('(_t l'llIll.

(4) Nolo the measm'(,(I (w(,r-_dl SI'L _sso('iat('d

with the' di_t_u_('c xo, or coml)Ule il from the

m(,asur(,(I Sl)(,(,trum |)y ad(liH_z lh(, 1)ow(,r (:o_-

trihutio.s in each fr(,qu_,_('y hand. Similarly,

(.ompute lhe ov(,r-_dl SI'L ('orr(,Sl)O,diu _ to the

(-orr(,ct(,(t Sl)(,('t rum ohlai.c(I from step (3).
(5) ()Oml)ule the, diflYr(,n('c (('orr(,cted over-all

SPL mimes lncasurc(1 over-all SPL), _(hl 1.5
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/_ Filter frequency response

Ideol (eq.(23)) (/a =447cps;

/b _ 562 cps)

Nonideol (ec (25)) (Gaussian; --
= 500cps)

I //=,., \

L
o.*

G=_ tO

0"3

"x

\
\

20 40 60 80 I00 20) 400 600 800 I000

Distance, x, ft

FI_;IR_: 9. Eff(,cl of filt(_r frt,(lU(,ncy rcsI)O_lS(, on m(.'ttsurc([ (h_utty. White Sl)_:ci.rum ; 1,_-()cI_tw: r(,c_4v(,r; sourc(_ atkd

r_'c_'ivcr h_ighls from t)hulc,, 10 feet; sl)('t_(I of s )end, 1140 fc(_t per second.

decibels, and subtract this total from tim ('ol'r(_('te(l

over-nil SI'L and front the ('orre('ted Sl)eetruln.

Tim results ol)taine(I ('orrespon(1 to the free-field

over-all SI'L aml lhe SI'L spe(qrunl.

At the end of st(, t) (3) the theoretical maximum

t,rror resulting from the assumption that the

ground imi)(,dan('e is in(lepcndent of frequency is
approximately ±;{ decibels for a pur(_-tone

re('eivcr. This value was estimated by takihg the
lev(d diff_,ren('es of the tltllgelll litws connecting

the de('av peaks itt figure 5 for the various values

of ¢/. For n I)all(l-l)ass receiver the maximum error

wouht I)e loss. Nh)reovor, if the true variation

of ilht)edall('e as a fun('tioll of frequel_('y is con-

linuous, the r(,sl_ltillg cfl'e('t oil tim eOITC(q(,(I

spectru:n wouhl only amount to a slight distortion

of tim spectrum shape.

The measured over-all S/)L above a perfect,

rcflecto" is, oil the average, approximal(dy 3

decibels higher than the corresponding free-fiehl

wflue (fig. 7). For a surface having nrl)itrary

impedal(.e tim dift'crcnce will be less. For a

l)crfect absorber the difl'(,rent'e would })e zero. In
step (5 a (lifter(race of 1.5 (le_41)els is _tdol)t(,d as

art, asol hi)h, value for a surfn('e having an arl)ilrary

tlllkllOV, n illlpl2(l_lllee value. Tlle lnaxilnuln elTOl"

of the cOral)uteri free-fiehl sl)e('trum resulting from

step (5) wouhl generally t)o :£ 1.5 d(,(:il)els.

The ])ropose(l procedure re(tuir(,s a ('onsi(h, ratAe
numl)el of a(hlitional nois(, m(,astarem(,llts but (h)(,s
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(o) (b)

Correction for frequency

bond to, fb of distance

x o (step (2))

2Tangent line

(x o )

Log x

%

*5
¢I)

(.9

(c)

(fo,r_)
Log m

(a) Measure(l l_oise speclrum at distance xo step (1)).

(c) Corrected spectrum step (3)).

o
¢.9

(d)

(f_,fb)
Log m

<,b) Measured. decay curve for frequency band f,.f_, (mep (l)).

(d) C,orrccted, spectrma (step (5)).

Fi(;(Y_; 10. Steps in l)roce(lurc for correcting st)ect, rum for reflcct io]_ effects.

not necessitate direct impedance measurements.

A single set of (lata for a given facility is likely
to be applicabh_ for all subsequent tests.

The propose([ procedure is par[icularly suited
to magnetic-tape recording of (la, ta 'tnd conlintlous

motion of the microphone whereby conlinuous (le=

eay curves (fig. 10(b)) for all frequencies may be

obtained from one microphone traverse.

In tl_e rest of the report, the proposed procedure

is tested using exl)erimental data.

EXPERIMENT

APPARATUS AND PROCEI)URE

The noise source consisted of an unheated-air

jet issuing from a circular, 4-inch-diameter, con-

vergent nozzle. The jet axis was alined horizon-

tally 10 feet, al)ove lhe ground plane, which was

a mowe<t grassy surfa('e. A schematic (liagram
and photograph of the facility are shown in figure

I I. The nearesl btrge reih,cling surfaces, other
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Control Flow measuring Inlet Plenum

valve orifice , Mufflers diffuser Nozzle -

Heat exchanger

la)

330_30 °

('onsi(h_red, the noise source could 1)e regarded as

essentiMly cylin(lri(;al, apl)roxinlatcly 4 inches in
(liamet w and ' 1/3,,2 feet long.

Ovel-all sound-pressure levels were detected
with a condenser microphom_ and were recorded

1/ ( " _t)y Illeildl.S of a ,,a-)ctav(-l)luld a udiofrequenev

spectrometer-recorder. All sound levels were

within the range of linear microphone response.

The useful frequency range of the entire system

was 35 to 15,000 ('yeles t)er second. The micro-

phone resl)OnSe was tlat within l d('(qb('l up to

_,0()0 (ych,s per set'end.
i sedes of decay measurements was l)erformed

at. ('on._ tam mi(.rophone height (1 (l f! and azinmth

(30 ° and 330 ° with respect to the jet axis) with
variable radial distance. Th(, ra(lial distance was

varied in 5-foot in('rements, aml the noise spectrum

was recorded at each position. A diagram of the

('onfigm'ation is shown in iigm'e 12. rl'lle In!!'re-

(_-r-_5-_Ft (ref. 5)

:, So° ,s,.,oft --
h=lOft -5Ft- ,

FI(iUIIt4 12. -F, xl)(,rimcntaI g(.omelry.

(a) ]'_h'vatimi.

(I,) l'hul view of :(!r-jet ,,,ystmn and :t(Ljat'unl I)uihlings.

(c) Photograph (,f air-jet system.

Fie, urn,: 11. Air-jpt facility.

than the ground, were the wulls of two bttihlings;

one al)out 125 feet ups!ream, the other approxi-
mately 25(1 feet downstreant of the nozzle exit.

llelh,t'tions from thes(, surfaces were disregarded.
The l)uildiugs tended to shiehl the ['a('ilitv from

steady winds.

The nozzh, l)ressttre ratio was r(,slri('te(l to the

('oltstant vahle 1.()(,) wi|h variations, resulting

mainly from variations of a(mosph(,ri(' ('onditions,

less than 0.01. The nozzle temperattwe ratio was
1.02. If the resulls |)resented in rt'feren('e 5 are

phone was mounted on _Ll)oh, and 1)ointed upward.
Tess w('re reslri('le(| to (lays when the wind

velo(:i,y was minimum. In order to account for

possihh, elr(,(.ts of gross atmospheric changes, wind

v(,h)('iy all(| atilt)!('Ill l('lll])el'_tltlll'e data w(,re
el)tail (,(I from tlm l.'nite(l States Weather Blll'eall

sh),lioI_ ne))rl)y. 'l'h(' values of olher atmosph('ric

(luant lies aff(,c(ing noise propagation were not,

(h't('rl fined.
RESULTS

Th( ('Xl)('rim('nhd tests were intended to a.nsw(,r

thr(.e lUeslions:

(1) Are the grom)xl relh'clion ell'!,ors experi-

m(qm, lly signiticant?

(21) (_an the relh,(qion (,tt'et.ts t)e disasso('iah'd

from ;amOsl)heri(' dis(urban(_e (,flee(s?
(3) (hm the refle('tion efl'ects be evahmted

quant it,at!rely?

Typical exl)erimenlal decay data are shown in
tig'ures 13 and 14. The de('uy of over-all soun(l-

l)ress_ r(, h, vel as tr function of distance from the
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[:l{_ulu,: 13. I)(,c_tv (d" (_',-ur-:t[[ _()utt([-pr(,,_4ttru |(,vu|. _(mrcc aud r_,c(,iv_,r h[,i_.hts _d)o'.'_, pkt_% lO f['('t; azimuth,

30 ° or 330 ° .

j¢'t ttozzle exit, is shown in tigure 13. Front th(,
scatt(,r of t h(,s(_ (hLta it is ('olwlu(h,({ ttml lh(,

r('p(,utat)ility of the a(.ousti(, instrumc_dati<)It was

l)rohahly within _ 1 d(,('ib(,1. R(,l)r_,s(,_H_tiv(,

decay uurv('s for _-O('t_).¥t" band widths _tr_, pr(,-

s(,nt(,({ in ;[]gur(' 14. Th(' dat_ for rm_ 65 w(,n,

weight('(| most ho'v_'ily in ('onstru('ting th(, (h'('ay
('m'v(,s })ecau.s(, of the (.omph, t(,t_(,ss _n(I Ill(, uni-

formity of these data and l)(,caus(, of (h(, r(,la!iv(,ly
good w(,ath(,r ('on(litions whi('h pr(,vaih,(1 (h_ring
[]l(_ l'l.tll.

()l)taining acoustk' data ov(,r Lit(, (,omph, t(, raw,go
of _wail_d)lc (listanccs _t(,('essitat('d m(,_.sm'(,ments

(m s(,w'r_d difl'('rcui (lays. The wiml dirt, ction

varied for ('_('l_ run. One s(,t of (lat_ (run 64),

obtain_'d on _ r_'h_tively windy day, was m(,_stu'(,d

on tl_o opposite si(|(', of the jet from lh(, bulk of the
(lata. Thus, r(,p(,_Ha})ility of th(, results could 1)(,

l('sted. Simultaneous eff(,cts of wind _t_(I grou]_(l

roughness and iml)(,dan(,(, (lifl'(,r(,n(,(,s, if any, ('ouhl
t)(' ol)s('rv(,(l.
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It)) l,ow(,r cutoff fri'(tuem'y, 89 ('ych's per st,cozl(|; Ul)l)['r

cutoff fru(lU(!ncv , ll2 cycles per second.

FII;I'RE 14. -Decay of smmd-t)r('ssure level for _-oclav('

hand widths. Sourcu and ri,(.i,iver heights, 10 feet;

azimulh, 30 ° or 330 ° .

For lhe !3/-octave results the l)r(,(li(,ted space

tlu('tmllions (.lmr_wteristi(' of the relh,('tion (,fl'ecl

_m' g('ner_dly evi(li,nl, lYak-lo-valh'y [lu('ttut.-

i

20 40 60 80 I00
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(c) l_ow_ rcul, off frequ(,ncy, 141 cycles per _(,(_ond; Ul)l)('r

('uh)ff frequen('y, 178 cyc]es per ._'con(|.

(d) l,ow 'r culoff fr('(lU_'ncy, 447 cycles per s(,cond: Ul)l)er

cul_off fr('(lU('ncy, 562 eych,s per second.

lq(;uR],: 14. -Continu('d. l)ee'_y of soun(l-l)r_'_sure h.w'l

for _!_-,,('tav(' band widths. Som'('e and receiv('r lwighls,

l0 fl,e ; azimuth, 300 or 330 ° .

tions w'r(' as greal _s 10 (h,('ibels, eSl)e('i_tlly in the
inh'rw_ from l()(:l to 100l) ('ych's per second.

Thus, th(* interferenc(' eft(,('| is signiti('ant for
mcasur,,mcnis in ff_-octave bands. For all fre-

(tuen(,y hands lmving midfrequ(mcies greater th_)n
2000 (') ('h',q per se('on(I l he tl u('l ualions were 1)ar(,ly
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(e) l,ower cutoff" frequency, 1120 cycles per second: uplw_

cutoff frequency, 1410 eych,s per second.

(f) Lower cutoff frequ('twy, 1780 cycles per second; upl)er

cutoff frequ_qtcy, 2240 eych,s l)er second.

t"mURE 14.--Concluded. Decay of sound-pressure level

for }-_-octave band widths. Source "rod receiver heights,

10 feet; azimuth, 30 ° or 330 ° .

discernible. The disappearance of fluctuations

for midfrequencies greater than 2000 cycles pet"

second probably results partially fronl the fact

that the wavelength (_6 in.) approaches the

order of magnitude of the ground roughness. The
refh, etion then becomes diffuse, rather than

st)eeular , so that the theory discussed in the section

Groml(l Reflection (Theoretical Analysis) no

longer applies. Secondly, atmospheric t,urbuh'nee

likely obscures the closely spaced maximums mid

minimums 1)y virtue of scattering. Finally, for

midfrequencies of the order of 2000 cycles per

second and at)eve, the sel)aration of maximums

an¢l mininmms is of the same order of magnitude

as the separation of (It(' measurement points.
Thus, the space resolution of the measurements is
insufficient to show the loci of maxinmins and

minimuins.

In figure 14, the scatter of the data from test

run 64 was greater than that from the other tests.

th)wever, the reflection effect is still readily

apparent. Moreover, the magnitude of the effect

is similar to that_ from the other tests, so that the,
following conclusions can be drawn:

(1) The wind speed (_12 mph) was not great
enough t,o ol)seure the reflection effect.

(2) The effect of ground roughness and imped-

ance differences on opposite sides of the jet was

generally insignitieant. Therefore, the space fluc-

tuations of sound-pressure level could be evaluated

(luant it at ively.

GENERAL RESULTS AND DISCUSSION

The e×periinental decay rate of over-all S1)L

(fig. 13) was 20 (leeil)els 1)er distance decade, as

predicted by theory, at distances greater than 20
feet from the nozzle exit.

As proposed in the si)ectrunl correction pro-

cedure, the average rat, e of decay for each }/octave

was approximated by eonslructing straight fines
tangent, to the i)roininent soutl(t-pressure-level

1)oaks. The indicated average decay rates in

decibels per dishmee decade as a function of mid-

frequency are shown in figure 15. The actual

decay rates differ markedly from the theoretical

rate (inverse-square law) for midfrequencies less

titan 630 cycles per second. The increased decay

rate at the lower frequencies is to t)e expected if
these data are associated with the near fieht.

However, at the lowest, frequencies the decay tale

is decreased. This effect might possibly result
from the fact that the source of low-frequency

noise is extended considerably and thai the radius
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Fl(;vnE 15.- Axeragc sound-pressure-level deca: rah,s in _-octave bands.

is i'entered at the nozzle exit rat|mr t]lan at the

center of the extended source.

The problenl is now to find at w]ial dish/nee
die far field is attahiod. The far fiehl is defined

loosely as thai region whore the source-to-observer

distance is hlrge t.oniparel| to the acoust.ie wiive-

lenglh. For a single noise sotii'('o |laving lin arbi-

ti'llry orlier of coniplexity, the onset ilii(l contiilll-

ilileo of il decay |'tile of 20 decitiels per distance
decade (illverse-sqllilre hlw) illdi('llte l]ie begillllillg

of t]ie lieoustio far fieht. The preceding analysis

and tests sliow that the decay t'tll'ves for nilrrow

band widths are nol useful for determining i]ie

onset of the far tiehl because of prollounced del,tly

thletuations resulting from ground reflections.

However, tile over-all SOtlnd-pressilre-level decay

ellrVe (fig. 13) is rehltively free of oscillations
because of the extended band width which is

involved. For example, the curw, in figure 13

attains a slope of 20 decibels per distance decade

at a distance approximately 20 feet from the

nozzle exit. The sound-pressure-level spectrum at

20 feet is shown in figure 16. The spectrum is

relative y symmetrical and peaks at approximately

630 eyces per second. Since pressures associated
with fr_ queneies near 630 cycles per second pro-

vide tll_ predominant contribution to the ow,r-all

sound-i)ressure level, it follows that for a frequency

of 630 ,'yeles per seeoml the acoustic far feld is

attaine( at a (tistanee of al)proximately 10 wave-

lengths (20 ft) from the sour('e. (Measuring dis-

tam'es 'rein the nozzle, rather than the source,

has it n.,gligit)le effect on lifts result.)
Acco] (ling to equation (2), the acoustic far field

is att, ailLe(l when

r>>_ 7 _X
_i a

that is, when the first term of equation (2) becomes

large c(mpared with the other tel'ms. Froni the

preceding estimate the far field is attained when

]t
r_>eonst. __2 : = I()X (26)
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F[<;_-j¢_: 16. -S<mt_<t-pressure-levol Sl)(_etrmn at dist:mcc of 20 feet fronl nozzle cxi(. R(m 65; azimuth, 30°; soucc(+ "rod

rec(!iv(,r heights, 10 feet.

at an azimuth of 30 ° or 330 ° . T]ms, the distance

at which the far field is attained is directly propor-
tional to the acoustic wavelength X for a fixed

azimuth. From the preceding relation, the onset

of the far field can easily t)e estimated for any

frequen('y. The result, in graphical form, is shown

in figure 17. Atlnospheric attenuation effects do

not appear to be significant for the freque2_cies
and distances involved.

Experimentally obtained soml(l-pressurodevel

spectra are shown in figure 18. For each succes-
sive spectrum the distan('e x has been doul)led.

In each spectruln there is at least, one noticeable

depression, the frequency of which doubles for

each doubling of x. This effect appears to 1)e a

reflection effect. These spectra, when corrected

for reflection a('cording to the proposed procedure,

al)pear as shown in figm'e 19. As a result of

step (3) of the l)rocedurc for determining the free-

field spectrunl (in the section Ground Reflection),
the maximum correction decreased from +10.5

decibels for x--25 feet to +4 decibels for x=200
feet.

']'he correct e(l sound-pressure-level sl)ectra have

been replotted in figure 20, but the spectra have

been rea(ljuste(] to remove the eft'cot of over-all

decay by superimposing the data for the mid-

frequency of 10,000 cycles per second. For mid-
frequencies greater than 630 cycles per second

the spectra are nearly identical. This is expected

because the free-field spectrum shape should not

change in the far field. For midfrequeneies less
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than 630 cycles per secon(t the spectra (lifter,

[)ecomirlg ilatter as x is increased. The far-field

similarity of the corrected spectra indicates that

the deray fluctuations can be ewduated quan-

titatively with sufficient accuracy to yield (.or-

re('te(t spectra that are good representations

of h'ue free-field spectra.

The shift of the peaks of the corrected spectra

towar(I highor fre(luen(4es as x is inrreased (fig. 19)

may possibly result from the effect discussed in

connect ion with equation (3).

An at.tempt to determine the ground impedance

spectrum by eoml)aring experiinental loci of maxi-
mums and minimums with theoreti(.al values

proved unsuccessful, as was expected fi'om

d_eoretieal considerations. IIowever, it was noted
that the llllllll)or of maximums and minimums

<)(,ctnTittg in a given interval of :,was, at t]l(, lower

I i
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FI_+t:ltE 18. l']xl)erimentally deternfin(,d sound-pressure-level spectra at various distances fr(.n source.
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frequencies, in excess of the mmd)er l)redieted

from theory. This effect ires not been exl)hdm_d.

SUMMARY OF RESULTS

The following results were obtained from a

t heoretieul and experimentnl stu(ly of the influence

of a reflecting plane on the t>rot>_g_lion of jet
noise:

Theoretical analysis: In addition to the effects

ah'eady noted by Franken, it was fl)und that:

1. The decay of noise as a function of horizontal

distam'e froIn the source is only weakly del)en(lent

upon the spectrum shat)e.

2. The decay .s a function of disian('e of a

white spect rum is a l)ract teal represent ntion of the

decay of jet noise.
3. The filter transfer flmetion of the acoustic

receiver may have a slight effect on measured

(I ec_tI.V curves.

4. 'I'll(, h)ei of the maximmns and minimums of

space /l([(,tuati<ms oi e (I<,(.tLv are fImctions o[ tlw

receiver band width.

5. The excess ae(>ustical I)ath length of re-

tleeted noise over that of the direct noise produces

only a negligibh, reduction of the average decay

rate (inverse-square h|.w).

Experimental tests: From experiment al measure-
ments of the horizontal t)ropagaiioll of noise at,

azimuths of :{()o and :_3()° from iL small air jet

loc_m,d l0 Ice! _l>o_'e tJ)e grmmd pbme, i! w_s
found thnt:

I. The effect of ground ]'ettection on jet-noise

propag;ttion was experimentally significant out-of-
dO()l'S.

2. Tie decay rate of the over-tall sound-pressure
level as a function of distance from ttle source

ot)eyed the iuverse-square law (20 (Ih/dist_mce

(le<'a(lel 1)eyond 20 feet from tile source.

3. The onset of the acoustic far fiehl oc('urred

_I approximately 10 wavelengtbs from the som'ee.

4. Space tluctualions of Ill(, noise (h,env were

measurabh, quantitatively. These ttuctuations

were as large as 10 decibels from peak to valley
for },g-o<,tave-ban(l-wi(lth measuremcms.

5. The decay lht('tuations were obst:ured for /s-

octave 1)ands having midfrequeneies greater than

2000 e v('les per second.

6. Measured jet-noise spectra couhl be corrected

(o vie[d correspon(ling free-fieh[ spectra. The

shapes of corrected spectra were found to t)e inde-

f_er_<tent of distar_<+e from the sore'<'<, i_ the hu"

tleld, _s predicted by theory.

7. I i pr<)c<,e(linK from the near fiel<l Io the flu"

field the frequency of the peak of the noise sl)ec-
trum increased, in qmditative agreement with

I hcor.x.

LEWIS ]{ESEAR(!H CENTEIt

NATIONAL AER()NAUT[CS AND _PAt'E At)MINISTRATION

( !I _;v1.:Ln.x'1>, Om_. ,.rr.,z_.,a,,'!/ 15, 1358
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APPENDIX A

SYMBOLS

Sl)('('(I of sound :_,,

frequ('nCV r

lower ('utoff frequ(,ncy rR

Upl)er ('utoff frequ(qwy

a,'('(,ptan(.(, fr(,qu(,n(.y of lmr('-tone SI'L
r(,(.eiv(,r T

t.f --.f-u t
frequ('nCV ratio, .f/u u

r(,(.eiv(,r h('igh( alloy(, l)lan(, v

sour('(, height above phme w

('OIIStttll[ III('Illl-SqII_II'I_-pI'(_SSIII'(_ Silo ( .... tUo

tral (h,nsity x

g(,ome(ri(, mean fr(,quen(!y of filt('v,

-,,!:._ ! )V)I _
frequency ratio m/_
I1 ]ltlln})(w ]/

acousti(, pl'('SSUF( _ ftt I'(_(,(qV(q"

a('ousti(' ])l'("SSlll'C, direct, or r(,[le('t(,d

('OIIlpOll(ql[, of acoustic ])l'('SSlll'(, lit o<

l'('('(q vl,r off

acousti(, pressure spectrum, fl

"_" f(, Tp(t)e-''*<:qlt V
,yl

p_(f_..f_) _ p_(f)([f, or X

#
| • T

p'+'(f°:L) ==-]'Jo p'_(.L,,fb;t)(It
P

refer(,n('e l)r(,ssure, 2X 10 -_ dyne-

S(_('/C[II 2
(7

referen('e pressure, 2)< 1() -4 (tyne/cnf)

a('o(lstic OFCSSUr(¢ COlllpOlllql| at, re-
T

('(,ivm" via relhwtion t)ath

ground imlw(hmc(' function,

h4- H Sul)s('ripls:

for pla,n(, wtrvcs (refs. a

x b

12 and l)

ratio of rot,an-square acousti(, pressure F

at roc(,iver with phme present to N
free-fi(,hl mean-square a(,ousti(, o

1)r(,ssur(, at receiver Sup,,rs(.rit)(.
attto(.orrelation coeffi('i(,nt

r(,al part
dist,an(.c from sour('e to re('eiver

distance fl'om sour(.e (o re('eiver via

reflection path

sound-pr(,ssure h, vel

time l)eriod
time

_+---(f- u)k
_'-=V'- "_)/p
(,h,('tri(. pow(,r

referen(,e e]e('tri(, power
horizontal distant'(, from sour('e to

re(.eiv(,r

steady-state pow(,r transfer fun('lion
of re('eiver

y==-2_f-r

_-=:+l
#

a_27r#r

off _ 2 _l/'_ r

acoustic a(hnittan(.(, ratio of plane
(refs. 12 and 1)

'T ------7rO'r

_t _ rrpr

a('ousli(' wav(,h,ngl h

frequen(,y of maximum mean-square-

pressure spe('trM density

(_'2) (standard deviation of Iil((,r

response era'vet, cps

(_:'2) (stan(iar(I deviation of rot,an-

square-pressure sl)e(,!rum), c])s

(May time
(lire(qiomd fun('tions

auto('ovaria)we fun('tion

r(,f(,rs (o valu(, asso(.ial(,d wilh h)wer

(,utoff fr(,quen(.y

r(,f(,rs to vahle asso(.ia.t(,d will) ul)per

('utoff fre(luen(.y
fa.r field

n(,ar fieht

referell('e

lime it V("FII_('
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APPENDIX B

INDICATED SOUND-PRESSURE-LEVEL SPECTRA

Ill attempting to select an analytic exl)ression

for the mean-square-pressure spectrum, whic]l

best fits ext)erimental data, it is desirable to ex-

press the selected spectruln in the same form as the

data. Usually this means that the SPL spectrum
for finite band-pass widths is desired.

If the acoustic transducer responds linearly to

fluctuating pressure amplitudes, the electric power

output of the receiver is given by

w(f_,fb)= y_i" IY(f)]21p(f)l 2 df B1)

in the pass band where Y_) is the steady-state
transfer function of the system. With ideal (,om-

ponents (Y:const.), the indicated SI'L is given t)y

Sl'L(f.,.fb) : 10 log [w(f,_,fb)/wo]

=101og[ 1., ['S_]p(f)l_df] (B2)
LP_" J&

GAUSSIAN _-_ SPECTRUM

In dimcnsi(mal form the (;aussian function be-

COllies

#(f) =#(_)e- a

Then, according to equation (B1) the elc('tric

power output of the a(,oustic receiver with ideal

filtering ()'=coast.) is given I)y

')'_,

w( f.,fb)= IY!:p_(_ / e -"z df

. u b ,_=[l'[_p_(u)_ e-"" du
u a

¢--

._,_-a l}.l_l/(g)(er f ub--erf u_) (B3)
-- _ •

26

where, in general

'9 [' Uer.f U= -, e-_2(lu
_"_r J o

The ov,.r-all electric power output is

w Ir--_ iy,2t/,_; (l-_erf-_)
2 '

By virtue of equations (B2), (B3), and (B;hf),

SPL(f. .fb) = 10 log (w erf 'u_--e_\( u. _

SPL + 1() log (el;f u_-- erf u,,) -- 3.0 (B4)

where #PL is the over-a]l sound-pressm'e level.

f*el-Y * SPECTRUM

For a spectrumJ*e 1-I*, _m(I with ideal filtering,

(?

so that

SPL(f_, f_) = 10 log F_- (z.e-r"/"--z_e-t"/_)]kp'_

--St'L÷ IO log (z.e -L'_- zbe-g/_) (B6)

where

w= 1Y l'_#e#(u)



APPENDIX C

AUTOCORRELATION COEFFICIENT

1 ,e t,

rs
]hen,

The autoeorrelation eoefticients associated with

selected spectra call tm computed fronl

:_(f.,fGr)=/_. .... 1 j.h, l?(f.)e2"_:Ttlf (14)
p_(L,f0 :o

GAUSSIAN SPECTRUM

The dimensional form of the spectrum is

p'_(f) =p_(u)e- u,

Unlimited band-pass width,-- The autocorrela-
lion coefficient is eomtmted from

::- J2;_(r)=,_,. l/"(_)e .... e2,_s_ d p2(_)"-"-e-_: df
co

, £\,....,,.,,..= <_,,¢%;

where, from appen(lix B,

wocp 2_-.¢_o'p2 (,a)

.f' =.f- u

,_ (r) --._. ._Tra- J_. e-:":_"e"= _:'" (I/'

for which the solution is ol)(ained fi'om Fourier

pair munber 708.0 in referen('e 11. The result is

:_ (_)=e-" cos o, (CU

Limited band-pass width.--If the specirum is

fill ered ideally,

, . 1 "& e-_"e'2_Z'(lf:*(.L,.h;r)=:_. -- [ P_(v)
p2(f,,f_) d:o

where .L and J'b are lhe lower and upl)er eu(otl"
frequencies, respectively. It folh)ws that

2
:_2(f,_,fb;r) = ?_.... d ''_'"

_::r# (erf '16,--err u,)

f .¢'%-_e- $'2/¢_e'-'_il_rdf t
-- iz

2
where p (.[_,fo) is exlra('led from equa(ion (B3.

The solution ol)taine(l from Fourier pair mmd)er
1317 in referen(x, 11 is

.:2 (f.,.h ;_) -;_e- G< '_ <f (u.-- iv) -- e_:: (u.-- iv)
erf uo--erf ,u,_ (C2)

where (he cOral)feN error fim('tions ('an be eom-

Imted from series expansions. The curves i)t fig-

ur(, 8 were ('olnpu(e(l fi'om series expansions l)y

Ineans of a (tigital eomputer. Series remain(h,rs
were kept less than 0.01 (leeil)el.

f*el--: * SPECTRUM

Unlimited band-pass width.-q'he autocorrela-
t ion ('oeffieient. is ('ompu( ed from

.#(r) .... _ (:/_)e"":qlf

=:_" _2jo f'::/"e2"_:'(If

where, from a.ppen(tix B,

aiR[

7 =#eli"(#)

Performing the in(lieated in(egration and retain-
ing the real part result in

1 --OL 2

:N (r) = (i ÷a@ (C3)

Limited band-pass width. -With ideal tihering

._ (fa,f_;r) = ,_,, 1 __ J'Yb _ : el - (f/U)f,2ri/r d f
p2(f.,f_) ra _

=/_, --
--1

12[e--/b/"(fb+l)--e--:o/"(f_+l'_q
t. \ _ / \_ /d

,b fe-::"d":" d f
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1(taming the]By peH'ornlittg tile intogration and " " '

real part, t lio soluii(m is

#(f.,.f;_) [(l_d);(zf/',"-z,,e-to_)] -1

[(l -- a" ) ( z bt ....Sb,_, cos ,_l_-- Z,_<- f"'r_' (',os ,q,,

t-!t_:-D'i" sin !t_--y,t _ i,,, sin 71_)

--'.)c_(iz_e ---f_,''"sin y_-- z,,e -f'''" sin y,

-zl,_ f,,'" (,o._ y,, ! g,,_-s<,, (,os/I,,)1 ((_4
Vt,'} I 0 I'0

z,, _"1-:'+1 z.='f%'F I
tx #

y,,: :2_f<,'r !1_ 27r.f_'r

WHITE SPECTRUM

A whil(; S|)('('ll'tllll is {£iviqi ])V

p_(f) :_:-- COliSl.

Unlimited band passwidth.-- The aulocOiToh/lioll

co(,t|i('ienl is ('onll)tilcd fl'olll

%V | I 0 FO

Therefore,

,ti
#(r) "_"V" ke_"'i'(If

-_= : ,If
Jl)

.#(r) 0 (r _()) (C5)

Limited band pass width. Willt ideal filtcrin_

.'ii(f_,fb;r)=.Jl<,-.,7! ,, [v"/ce_"+(If
f( I"., fl) ds<,

Wh(!l'0

T]lorefoi e,

pq.f,,.f_) #(f,,-f.)

l
.' 'r = : (sill 2rr.f,,r sin 27r.f<,r)
S (.f,,J,) 2u_(fl--./,)

sin I_r(fb-- f<, r]
= - <.os [,_(L+fo)r] (C0a)

and

z(f,,,f,, o)--1 ((_6b)

Nonideal filtering.--By al)p|yhlg C(lualion (BI),

II. white Sl)e('triini sutijo('i('(l to li. (illussiii.n filter

l l'lliiSfel" ftlll('t ion yh, hls iln o/ll ])ill

,whul,(_

_!:_.f-- ###

P

lui(l m .ind p i/A'e fill(w, iiol sl)ecll'llm, cliilril.l'l('l'-

isii('s. The ltAllOvorrc|ilAion ('(w|li('ient is toni-

puled fi OlD

._ (r) =. _/J_,,J'_ _"e ' _r_"isql f.t_.l_r_,p

which, with itl(' excel)tion of ihc (.onstanls, is
i(hmli(;lll to the autocol'relaiion coetti(ficnt for lin

linfilt('rl (I (]lillssitin sl)e('iriilii. Therefore, t.h('

sohll ion i_

._'(r)- e _'_('os _' ((27)
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